Purpose To investigate if needle-immersed vitrification or slow-freezing yields better implantation results for human ovarian tissue and which method benefits more when combined with the Bimprovement protocol^of host melatonin treatment and graft incubation with biological glue + vitamin E + vascular endothelial growth factor-A. Methods Human ovarian tissue was preserved by needleimmersed vitrification or slow-freezing and transplanted into immunodeficient mice, either untreated (groups A and C, respectively) or treated with the improvement protocol (groups B and D, respectively). Grafted and ungrafted slices were evaluated by follicle counts, apoptosis assay and immunohistochemistry for Ki67 and platelet endothelial cell adhesion molecule (PECAM). Results Follicle number in the recovered grafts was limited. The number of atretic follicles was significantly higher after vitrification with/without the improvement protocol and slowfreezing than that after slow-freezing + the improvement protocol. Stroma cell apoptosis was the lowest in the group D. PECAM staining showed a peripheral and diffuse pattern in the group D (mostly normal follicular morphology) and a diffuse pattern in all other groups (few follicles, mostly atretic), with significantly higher diffuse levels in the vitrification groups. Ki67 staining was identified in all normal follicles. Follicles did not survive transplantation in the vitrification groups. Conclusions Ovarian sample preparation with slow-freezing + the improvement protocol appears to yield better implantation outcomes than needle-immersed vitrification with/ without the improvement protocol. The real quality of frozen tissue can be assessed only after grafting and not after thawing/warming.
Introduction
With the increase in cancer survival rates in young women of reproductive age, more attention is being addressed to the management of radiation-and chemotherapy-related ovarian failure [1] . Among the limited options available for fertility preservation is cryopreservation of ovarian cortical tissue containing immature primordial follicles followed by autotransplantation. This procedure has so far resulted in over 70 livebirths [2] , most of which were achieved after slow-gradual freezing/thawing. However, three successful deliveries have been reported after vitrification followed by in vitro activation [3, 4] .
Although vitrification has been suggested as a potential alternative to slow-freezing [5] , studies of human ovarian tissue have so far yielded conflicting results. Some reported the same results for both methods or better results for slowfreezing than vitrification, whereas others found that vitrification was associated with increased stroma cell survival [6] [7] [8] [9] compared to slow-freezing, despite their similar follicular viability. In monkeys, vitrification was shown to be successful, with promotion of follicular development [10] , especially when the tissue was implanted into freshly decorticated vascular beds [11] . Researchers have introduced a method of needle-immersed vitrification wherein thinly sliced ovarian tissue is placed on acupuncture needles and transferred to the vitrification solution [6, 9] . This method is not only practical and convenient but also produced excellent results for human ovarian tissue in terms of follicular and stroma cell survival.
A major obstacle in ovarian tissue transplantation is follicular loss immediately after grafting, possibly due to slow neovascularization that leads to ischemia [12, 13] . Alternatively, post-transplantation follicular loss, might have been a result of primordial follicle "burn-out", as demonstrated for thinly sliced grafted bovine ovarian tissue [14] , similar to that used for vitrification.
Melatonin and vitamin E are free radical scavengers with a broad anti-oxidant activity spectrum and antiapoptotic function [12, 13] . Vascular endothelial growth factor-A (VEGF-A) is the most potent regulator of blood vessel formation. Hyaluronan (HA) is an important component of the extracellular matrix in the reproductive tract, and promotes anti-inflammatory and anti-apoptotic signals [13] . Studies in immunodeficient mice showed better outcomes when slow-frozen human ovarian samples were grafted after treatment of the host with melatonin and pretransplant incubation of the graft with HA-rich biological glue + vitamin E + VEGF-A, termed the Bimprovement protocol^ [13] .
So far, the improvement protocol has not been applied to vitrified-warmed human ovarian tissue. However, researchers have suggested that given the improvement in stroma cell quality associated with vitrification, including the needle-immersion method, the use of vitrified/warmed ovarian tissue might enhance graft neovascularization [6] [7] [8] [9] .
The aims of the present study were to compare the outcomes of needle-immersed vitrification and slowfreezing for human ovarian tissue grafting and to determine which method benefits more from combination with the improvement protocol.
Material and methods

Source of ovarian tissue
The study was approved by the local institutional ethics committee. Tissue was obtained from nine girls/women aged 13-31 years (mean age ± standard deviation (SD) 21 ± 6 years) during laparoscopic ovarian surgery for fertility cryopreservation before anticancer therapy (Tables 1 and 2 ) [1] . None of the patients were prepubertal. Informed consent to donate tissue for the present study was obtained from the patients or the parents of minors. One slice measuring 1-2 mm (with a depth of 1-2 mm) from every ovarian sample was fixed in Bouin's solution (prepared from compounds purchased from Sigma, St Louis, MO, USA) immediately after ovarian dissection (fresh ungrafted control) to evaluate pre-grafting follicular density. This procedure was done to ensure, to the extent possible, use of follicle-rich samples. Our long experience with human ovarian tissue suggests that pre-grafting or preculturing evaluation of follicular density increases the chances of utilizing slices with ovarian follicles [12, 13, 15] . Moreover, fertility restoration will be conducted with frozen tissue and not fresh tissue.
Slow-freezing-thawing of ovarian tissue
Cryopreservation was carried out within 1 h of ovarian retrieval. Our slow-freezing-thawing procedure has been described in detail previously [12, 13] . In brief, all the ovarian samples were cut into slices 1 × 0.5 cm (with a depth of 1-2 mm), and the slices were placed in cryogenic vials (Nalge Nunc International, Delta, Roskilde, Denmark) filled with 1.5 M dimethylsulfoxide (DMSO, Sigma). Prior to freezing, the samples were kept on ice for 30 min to establish equilibration. They were then frozen slowly in a programmable freezer (Kryo 10; series 10/20, Planer Biomed, Sunbury on Thames, UK) and immediately placed in liquid nitrogen. Thawing was carried out by washouts with decreasing concentration gradients of DMSO (Sigma). One slow-frozen/thawed slice from every ovarian sample (similar in dimensions to the fresh control) was fixed in the Bouin's solution immediately after ovarian thawing (slow frozen-thawed ungrafted control).
Needle-immersed vitrification/warming of human ovarian tissue ( Fig. 1) Cortical slices were cut extra thin (dimension ∼1 × 0.5 cm; depth ∼0.5 mm) [7, 15, 16] and placed on insulin needles connected to 1-ml syringes (Tuberkulin, Henke Sass Wolf, Tuttingen, Germany) (Fig. 1) . Our laboratory is experienced with this delicate sectioning of human ovarian tissue [15] . All solutions were diluted with phosphate-buffered saline (PBS; -freezing only  1  1 3  2  4  0  1  0  5  5  2  16  3  25  0  1  0  0  0   3  1 8  3  5  0  5  0  1  1   4  18  3  34  0  6  0  44  44  5  1 9  3  2 5  1  1 2  0  6  4  6  2 1  3  2  1  7 1  13  3  4  0  1  0  17  7   2  16  2  25  0  1  0  6  2   3  18  3  5  0  5  0  28  0   4  1 8  3  3 4  0  6  0  2 5  0  5  19  3  25  1  12  0  10  10   6  2 1  4  2  1  7  4  8  2 Total (%) 18 95 2(2) 32 4(13) 94 21 (22) b Every follicular class is calculated as a percent from total follicles/section per group a Significantly higher than the fresh, vitrified, and slow-frozen ungrafted and group D, p < 0.0001 b Significantly higher than the fresh and vitrified ungrafted (p < 0.0001) and slow-frozen ungrafted (p = 0.03) Biological Industries, Beit Ha'emek, Israel). The needles were dipped in succession into two 3-ml cryotubes (Nalge Nunc International) filled with the relevant solution: (1) an equilibration solution containing 7.5% ethylyne glycol (EG-Sigma), 7.5% DMSO (Sigma), and 20% serum substitute supplement (Irvine Scientific, Santa Ana, CA, USA) for 10-min incubation [6, 9] , and (2) the vitrification solution containing 15% EG (Sigma), 15% DMSO (Sigma), and 20% serum substitute supplement (Irvine Scientific) for 5-min incubation. The needles were then removed from the syringes, the excess vitrification fluid was absorbed using sterile pads, and the needles were rapidly plunged with new 3-ml cryotubes (Nalge Nunc International) into liquid nitrogen. Warming was performed by rinsing the slices for 5 min in series of solutions prepared from sucrose (Sigma) as follows: 1 M (prewarmed to 37°C), 0.5 M (5 min at room temperature (RT)), and 0.25 M (5 min at RT). The slices were then rinsed with PBS (Biological Industries) with 20% serum substitute supplement (Irvine Scientific) for 20 min at RT. One vitrified/ warmed slice from every ovarian sample (similar in dimensions to the fresh control but extra thin with a depth ∼0.5 mm) was fixed in the Bouin's solution immediately after ovarian warming (vitrified/warmed ungrafted control).
Transplantation into immunodeficient mice
Eighty-one immunodeficient nu/nu female Balb/C mice aged 10-12 weeks (Harlan, Jerusalem, Israel) were used for tissue transplantation (Tables 1 and 2 ). The frozen/thawed or vitrified warmed slices were further cut to dimensions of ∼3 × 3 mm (depth ∼1 mm for slow-frozen thawed samples, ∼0.5 mm for vitrified-warmed samples). One ovarian sample was transplanted into every mouse, and the mice were divided into four treatment groups as follows:
(A) grafting with vitrified/warmed ovarian tissue slices without further treatment.
(B) grafting with vitrified/warmed ovarian slices combined with the improvement protocol [13] : melatonin (240 mg/ l, Sigma) dissolved in the drinking water (60 mg in a 250-ml bottle) in a light sealed bottle for 2 weeks prior to grafting and throughout the experiment, and pretransplant graft incubation at 37°C for 2 h with a solution of human recombinant VEGF-A (200 ng/ml, Biological Industries), and vitamin E-oily form (400 IU/ml, E-400 natural, SOFT GEL Technologies Inc, Los Angeles, CA, USA) mixed in HA-rich biological glue (Uterine Transfer Medium, UTM medium, MediCult, Jyllinge, Denmark), to a final volume of 1 ml. (C) grafting with slow-gradual frozen/thawed ovarian tissue without further treatment. (D) grafting with slow-gradual frozen/thawed ovarian tissue combined with the improvement protocol as in the treatment group B.
Ovarian samples from six of the nine patients were used in parallel for all groups. For the vitrification-only group (group A, Table 1 ), we also included tissue from three additional patients, who were the oldest in the study (patients 7-9, ages 22, 29, and 31 years). The ungrafted fresh, slow-frozen, and vitrified controls were from the same patients from which tissue was grafted after freezing.
All the mice were anesthetized with an intramuscular injection of 0.04 ml of a 1:1 solution of 0.5% xylazine base (prepared from 2% XYL-M, VMD, Arendonk, Belgium, diluted with sterile distilled water) and 50 mg/ml ketamine hydrochloride (Ketalar, Parke Davis, Hampshire, UK) [17] . We chose the back muscle as the transplantation site because it is not richly vascularized, and we assumed it could mimic ovarian conditions. Moreover, our previous studies reported high recovery rates after back muscle transplantation [12, 13] . After the back muscle was dissected, one ovarian slice per mouse was transplanted. The mice were euthanized 3 weeks after surgery, and the transplants were removed and fixed in the Bouin's solution (all compounds were purchased from Sigma). We chose 3 weeks, because that was the limit in our previous studies [12, 13] and because we wanted to demonstrate events that occur shortly after transplantation: neovascularization and follicle survival rather than follicular development.
Histological preparation
Control ungrafted and transplanted ovarian tissue specimens were prepared for paraffin embedding, as described by us previously [12, 13] . The follicles in the fresh and thawed controls and transplanted specimens (Tables 1 and 2 ) were counted from the hematoxylin and eosin-stained sections with a computerized image analyzer (analySIS, Soft Imaging System, Digital Solutions for Imaging and Microscopy, System GmbH, Munster, Germany). The number of follicles in the uncultured and cultured samples was counted throughout the field (magnification ×100) in two levels per specimen, with at least 50 μm between levels to avoid counting the same follicle twice. The follicles were defined preantral (before the antral stage): primordial (the oocyte is surrounded by a flat layer of granulosa cells), primary (the oocyte is surrounded by a cuboidal layer of granulosa cells), or secondary (the oocyte is surrounded by at least two granulosa cell layers enclosed by a theca layer) [18] . Atretic follicles were characterized by pyknotic cells, eosinophilia of the ooplasm, and clumping of the chromatin material. Unstained sections were placed on OptiPlus positive-charged microscope slides (BioGenex Laboratories, San Ramon, CA, USA) for apoptosis evaluation and immunohistochemistry studies.
Terminal deoxynucleotidyl transferase assay (TUNEL)
Apoptosis was evaluated in the thawed control ungrafted specimens and the transplanted specimens using the terminal deoxynucleotidyl transferase (TdT) (TUNEL) assay (ApopTag, In Situ Detection Kit; Intergen Company, Purchase, NY, USA), as described by us previously [12, 13] . There were two positive controls: the first was provided with the kit and included a section from a rat mammary gland 4 days after weaning, and the second was prepared by exposure of the human ovarian sections to DNAase (1 μg/ml, Sigma) for 15 min. For the negative control, the equilibrium buffer provided with the kit replaced the diluted TdT enzyme. Two samples from each patient in all the study groups underwent the TUNEL procedure and were analyzed.
Stroma cell TUNEL staining intensity was graded on a 4-point scale, as described by us previously [12, 13] : 0 = no TUNEL staining, 1 = TUNEL-expressing cells with low staining intensity, 2 = TUNEL-expressing cells with medium staining intensity, and 3 = TUNEL-expressing cells with high staining intensity.
Immunohistochemistry for Ki67 and PECAM
Ki67 is a cell cycle-associated nucleoprotein antigen that serves as a marker of proliferation during the active cell cycle phases (G 1 , S, G 2 , and mitosis) [15] . An increase in Ki67 staining has been reported to correlate directly with activation of the flat granulosa cells of primordial follicles to cuboidal granulosa cells in primary follicles as well as with follicular growth.
PECAM-1 (CD31) is a member of the cell adhesion superfamily of molecules [19] [20] [21] [22] . It is encoded by the PECAM-1 gene located on chromosome 17, and expressed in endothelial cells and most blood cells. PECAM molecules function in intracellular junctions of confluent vascular beds of endothelial cells. The protein is essential for maintaining blood-barrier control during venous white-cell migration and disposing of aging neurotrophils. It serves as a marker of neovascularization in mammalian ovaries [23] and is currently the marker most often used to identify changes in blood supply after grafting.
The procedures for follicular Ki67 staining have been described by us previously [15] , and the procedure for graft PECAM immunostaining has been described by others [24] . Sections were incubated for one h with a rabbit polyclonal anti-Ki67 antibody (1:10 and 1:30, sc-15402, Santa Cruz Biotechnology, Santa Cruz, CA, USA). We have extensive experience with immunohistochemistry and often use two concentrations of primary antibodies, as the concentration that yields the best staining results varies between them [15] . The sections were similarly incubated with an anti-PECAM antibody (1:250, sc-8306, Santa Cruz Biotechnology). For the negative control, we used a normal rabbit IgG antibody (sc-2027, Santa Cruz Biotechnology) diluted to the same concentrations as the primary antibody. For a positive control for Ki67, we used a section of a human tonsil (Cell Marque, Rocklin, CA, USA) and for PECAM, a section of a human kidney (described as a positive control by IHCWORLD, Life Science Products & Services, Woodstock, MD, USA; see: http://www.ihcworld.com/_protocols/antibody_protocols/ cd31_pharmingen.htm).
The controls for IMH were according to the Histochemical Society's standards of practice [25] . The use of the renal tissue was approved by the local institutional ethics committee and an informed consent was obtained from the patient. Solutions from a Dako EnVision System, horseradish peroxidase-3-amino-9-ethylcarbazole (AEC) kit (Dako Corporation, Glostrup, Denmark) were used for immunostaining: redbrown AEC staining indicated Ki67 or PECAM expression. We defined a follicle as being positively stained for Ki67 if at least one of its granulosa cells expressed Ki67 [15] . Two samples for Ki67 and two samples for PECAM from each patient in all the study groups underwent both staining procedures and were analyzed.
PECAM staining intensity was graded on a 4-point scale similar to that used for the TUNEL staining and previously for VEGF-A [12, 13] according to intensity: 0 = no PECAM staining, 1 = PECAM-expressing cells with very low intensity, 2 = PECAM-expressing cells with medium staining intensity, and 3 = PECAM-expressing cells with high staining intensity.
Statistical analysis
The slides from all the procedures were viewed independently and blindly by two of the authors (R.A. and N.F.), and the observations gave similar results. Data were analyzed by analysis of variance, chi-square test, and Fisher's exact test, as required. P values less than 0.05 were considered statistically significant.
Results
The group characteristics and the results of treatment are shown in Tables 1 and 2 .
Graft recovery rates ranged from 75 to 94%, with no significant difference among the groups. Most tissue samples from the vitrified and frozen-thawed tissue alone were partially absorbed and shrunk. Figure 2 shows representative ovarian samples.
Follicle number was limited in the recovered grafts (Tables 1 and 2 ). The ungrafted fresh, frozen, and vitrified controls were from the same patients from which tissue was grafted after freezing. The number of atretic follicles (Tables 1 and 2 ; Fig. 3 ) was significantly higher after vitrification (group A), vitrification + improvement protocol (group B), and slow-freezing (group C) than that in fresh ungrafted, vitrified ungrafted, slow-frozen ungrafted, and after slow-freezing + improvement protocol (group D) (all differences, p < 0.0001). However, group D specimens had more atretic follicles than those in the fresh ungrafted (p < 0.0001), vitrified ungrafted (p < 0.0001), and slow-frozen ungrafted (p = 0.03) controls. There were only a few atretic follicles in the ungrafted fresh/warmed/thawed specimens.
Apoptosis levels are shown in Fig. 4 . A trend of an increase (with some significant differences) in stroma apoptosis was noted in the two vitrification groups (groups A and B). Apoptosis levels were higher in the vitrification group (group A) than those in the fresh and slow-frozen ungrafted groups (p = 0.01 for both). Apoptosis levels were also higher in the vitrification + improvement protocol group (group B) than those in the fresh ungrafted controls (p = 0.0009), slow-frozen (p = 0.0009), vitrified ungrafted (p = 0.01), and slow-frozen grafted group (group C, p = 0.04) and the slow-frozen group with the improvement protocol (group D, p = 0.002). It is noteworthy that differences were also higher although only close to significance in the slow-frozen grafted (group C, p > 0.07) compared with those in the slow frozen grafted + improvement protocol (group D). A trend toward apoptosis reduction was noted in the group D (Figs. 2e, f and 4) . It is noteworthy that we observed only 75 follicles in all the TUNEL-stained follicles; out of which only, eight (∼11%) were very weakly attained for apoptosis (grade 0-1). All the follicles including the apoptotic ones were unevenly distributed in all the groups including the ungrafted controls.
Specific patterns of vascularization and PECAM expression correlated with type of treatment and follicle survival. In group D, there was a peripheral as well as a diffuse (scattered throughout the specimen) patterns of PECAM staining (Figs. 2g and 5) , and more nonatretic Fig. 2 Representative photographs of ungrafted controls and grafted samples. a Section of slow-frozen/thawed ungrafted ovarian sample from a 16-year-old girl (patient 2, as numbered in Tables 1 and 2 ). Note the primordial-primary follicle (arrow). Hematoxylin and eosin, original magnification ×400. b Section of vitrified/warmed ungrafted ovarian sample from an 18-year-old woman (patient 4, as numbered in Tables 1  and 2 ). Note the numerous primordial and primary follicles. Hematoxylin and eosin, original magnification ×400. c Section of grafted ovarian sample from a 21-year-old woman after slow-freezing + the improvement protocol (group D) (patient 6, as numbered in Tables 1 and 2 ). Note the secondary and primary follicles (arrows) and the red-brown Ki67 staining in the granulosa cells and the oocytes. Original magnification ×400. Note the negative control at the upper right hand side: a blue-stained (hematoxylin) secondary follicle without any traces of red-brown color and the positive control at the bottom left hand side with red-brown staining (arrows) between blue (hematoxylin) background staining. d Section of grafted ovarian sample from a 19-year-old woman after vitrification/warming + the improvement protocol (group C) (patient 5, as numbered in Tables 1 and 2 ). Note the atretic antral follicle. Hematoxylin and eosin, original magnification ×400. e Section of a slow-frozen/thawed ovarian sample from the same patient as in panel a. Note the overall blue staining and lack of brown TUNEL staining, indicating lack of apoptosis. Original magnification ×400. Note the positive control at the bottom left hand side of positively stained (red-brown) epithelium cells, a specimen from a rat mammary gland lobule taken 4 days after weaning. The negative control at the upper left hand side: blue-stained (hematoxylin) primordial follicle without any traces of redbrown. f Section of a grafted ovarian sample from the same patient as in panel d after vitrification/warming + improvement protocol. Note the brown TUNEL staining in the stroma cells and the follicle (arrows), indicating apoptosis. Original magnification ×400. The positive control for TUNEL is shown in panel e. g Section of a grafted ovarian sample from the same patient as in panel c after slow-freezing/thawing + improvement protocol. Note the peripheral red-brown PECAM staining pattern in the graft's border. Original magnification ×400. The negative control is at the upper right hand side, blue (hematoxylin)-stained stroma cells without any traces of red-brown. The positive control for PECAM is shown in panel h. h Section of grafted ovarian sample from the same patient as in panels c and g after vitrification/warming. Note the scattered red-brown PECAM staining throughout the whole graft. Original magnification ×400. Note the negative control at the upper right hand side, blue (hematoxylin)-stained stroma cells without any traces of red-brown, and the positive control at the lower left hand side with strong red-brown staining within blue background staining follicles were identified. In groups A-C, PECAM staining had diffuse pattern only (Fig. 2h) . Additionally, specimens from groups A, C, and D had more blood vessels in the graft center and fewer follicles, whereas in group B specimens (vitrification + improvement protocol) not only was there no reduction in atretic follicles, but the PECAM staining pattern was similar to that of groups A and C.
The fresh ungrafted specimens and group D showed diffuse as well as peripheral staining pattern (the differences in the peripheral staining intensities were not significant), and the follicles were mostly morphologically normal and nonatretic (Fig. 5a, b) .
Comparison of the diffuse staining intensities revealed significantly higher intensity in the vitrification-only , and the slow-frozen grafted group (group C, p = 0.0002); and that in the slow-frozen group + improvement protocol (group D) than that in the vitrified + improvement protocol (p = 0.01). PECAM staining was detected in all blood vessels. Negative controls for PECAM stained only with blue hematoxylin and the positive controls stained with red-brown AEC staining (Fig. 2g, h ). Ki67 staining (Fig. 2c ) in granulosa cells of morphologically normal follicles was detected in the fresh and frozen/thawed/warmed controls and grafted tissues. A total of 106 follicles were counted in all Ki67-stained sections; 80.2% stained positive for Ki67, with no significant differences among the groups. Negative controls for Ki67 stained only with blue hematoxylin (Fig. 2c) and the positive controls stained with red-brown AEC staining.
Discussion
In the present study, morphologically normal follicles were identified in all the ungrafted fresh, vitrified/warmed, or slow-frozen/thawed samples, with a high graft recovery rate after transplantation. The grafted specimens had fewer follicles than the control ungrafted fresh/warmed/thawed samples. The number of atretic follicles was significantly higher in the grafted specimens after vitrification with/without the improvement protocol and slow-freezing only (groups A-C) than in the grafted specimens after slow-freezing + the improvement protocol (group D). Stroma cell apoptosis levels were significantly higher in the specimens grafted after vitrification, without the improvement protocol (group A) than in fresh ungrafted and slow-frozen grafted samples. They were also higher after vitrification + improvement protocol (group B) than in fresh, vitrified and slow frozen ungrafted controls and in samples grafted after slow-freezing with/without the improvement protocol (groups C and D). We identified two staining patterns for PECAM in the grafted groups: peripheral indicates significantly higher than the fresh, vitrified, and slow-frozen ungrafted samples (Table 1 ) and grafted samples after slow-freezing + improvement protocol (group D) (p < 0.0001). Superscript number two ( 2 ) indicates significantly higher than the fresh (p < 0.0001), slow-frozen (p = 0.03), and vitrified (p < 0.0001) ungrafted controls as well as diffuse in the group D, with more nonatretic follicles, and diffuse only in all the other grafted groups, with more blood vessels at the graft center and fewer follicles. It is noteworthy, however, that a peripheral as well as diffuse staining pattern was also identified in the fresh ungrafted controls. The diffuse staining intensity was significantly higher in the two vitrification groups (groups A and B) than that in the slowfrozen-only group (group C) and the vitrified/slow-frozen ungrafted controls. The diffuse staining pattern was also significantly higher in group D than group B. All the morphologically normal follicles were positive for Ki67 staining in the granulosa cells. Thus, grafting slow-frozen tissue combined with the improvement protocol yielded the best results in terms of the reduction in atretic follicles and stroma cell apoptosis, and the improvement protocol did not promote better outcomes after implantation of vitrified/warmed grafts. We also could not show a benefit of vitrification alone over slowfreezing.
Indeed, studies have shown that systemic administration of VEGF-A might lead to dangerous side effects and that high levels of local VEGF-A can induce development of damaged blood vessels [26] . However, to the best of our understanding, topical low-dose VEGF-A treatment does not cause side effects in the hosts, partly because of the short half-life (30 min) of VEGF-A in plasma [27] .
The low number of surviving follicles in the grafted tissue could suggest accelerated follicular loss after transplantation. However, because of the uneven distribution of follicles in the human ovary as well as the small size of our grafted specimens, we may have inadvertently transplanted slices with no or only a few follicles [1, 12, 28] . Indeed, in three specimens, there were more follicles in the grafted thawed/warmed tissue than in the ungrafted thawed/warmed control tissue. The limited number of recovered follicles together with lack of significant differences among the groups in Ki67 staining precludes conclusions that follicular activation occurred after the short-term grafting or that there was Bburn-out^of primordial follicles, especially in the thin-sliced vitrified tissue, as described for implanted bovine tissue [14] . Alternatively, it is also possible that we did not see follicular activation and burn-out because we grafted the tissue for longer than reported in the earlier study [14] . Because of the difficulties in obtaining human ovarian tissue for research, we use what is available, and patient ages are often not exactly in the same range. This might have contributed to the high standard deviations in the number of follicles per patient.
In our previous study [13] , grafts transplanted after slowfreezing/thawing + the improvement protocol had no atretic follicles at all, whereas in identically treated tissue in the present study (group D), 22% of the follicles were atretic. This increased percentage of atretic follicles in all the grafted groups relative to the ungrafted specimens may be attributed to follicular damage due to slow neovascularization. In addition, it is possible that needle-immersed vitrification causes long-term tissue/follicular damage that can be identified after grafting, but not immediately after short-term thawing/ warming. This might be explained by intracellular follicular changes that cannot be identified by light microscopy before grafting.
Our identification of stroma cell apoptosis in the grafts might indicate that nonapoptotic cells are important for graft implantation and survival. The highest apoptosis rates were detected after vitrification/warming with the improvement protocol, and the lowest rates, after slow-freezing with the improvement protocol, similar to our previous study [13] .
The difference in the PECAM staining pattern between the grafted specimens in group D and that in the other grafted groups can be explained by differences in the rate of neovascularization [13] . It has been shown that both host and graft vessels contribute to revascularization of human ovarian tissue implanted in a murine hosts [29] : up to day 10, neovascularization occurred mostly in the periphery, while thereafter, there was perfusion of mostly human blood vessels into the graft center. In our study, the identical staining pattern in the group D and the fresh ungrafted controls might indicate proper vascularization in the intact ovary, which is lost after slowfreezing alone. A similar post-grafting staining pattern was identified for VEGF-A in our earlier study in experiments identical to those in the group D [13] . Diffuse staining intensity was significantly higher in the two vitrification groups than that in the slow-frozen groups and the frozen-ungrafted controls, probably as a result of improper graft neovascularization which in turn promoted post-transplantation follicular loss. It is noteworthy that others [23] identified no PECAM staining before implantation and did not find any difference between PECAM staining after grafting vitrified or slowfrozen human tissue, possibly because of the use of a different vitrification method.
Little is known about the developmental capability of oocytes derived from pediatric patients. The report of a livebirth achieved after ovarian grafting of tissue cryostored at adolescence [30] is encouraging. In the present study, only two patients (ages 13 and 16 years) were adolescents. A previous study showed an increase in abnormal follicles in ovarian samples from prepubertal girls, with very little development in culture [31] , but our long experience with ovarian tissue from pediatric patients does not support these findings for preantral follicles, either in histological sections or after culture or grafting [12, 13, 15, 32] . The vitrification-only group included three additional patients that were the eldest in the study (ages 22, 29, and 31 years). However, there were no obvious differences in the number of follicles or of atretic follicles between the ungrafted and grafted vitrified specimens, and the ungrafted specimens from the 29-yearold patient were among those with the highest follicular counts among the ungrafted controls. Moreover, low numbers of recovered follicles were identified also in tissue from the three youngest patients (ages 13, 16, and 18 years).
Various studies have compared slow-freezing with vitrification in human ovarian tissue, but the results are so far inconclusive [5-9, 23, 24, 33, 34] . The inconsistencies among the studies may be explained by a lack of uniformity in the vitrification methods or the type or concentration of cryoprotectant used [5] . Some studies showed a benefit for vitrification [6] , mainly in terms of stroma cell preservation. By contrast, in the present study, we did not find that vitrification decreased stroma cell apoptosis. Others reported that slow-freezing was associated with less follicular damage, fewer free radicals, and less apoptosis than vitrification [24] , and one study found that neovascularization was similar for both freezing procedures after grafting, but the percent of grafted developing follicles was higher with slow-freezing [23] . These results are partially in line with ours, which showed better outcome for grafting after slow-freezing + the improvement protocol. One potential explanation is that vitrification is not a suitable method for human ovarian tissue, as these samples are very dense with small pores that do not allow proper penetration of the cryoprotectant solution in the short equilibration period. Another possibility is that our lack of experience with vitrification might explain the unsuccessful results compared to the other groups (3-9), although this seems very unlikely given that our group has many years of experience handling only human tissue [1, 12, 13, 15, 32] .
It is also possible that we might have obtained better results if we had applied different vitrification methods [5] or utilized devices for thin slicing of human ovarian tissue [7, 35] rather than slicing manually. Further studies are still warranted to determine the optimal freezing/thawing/grafting protocol for human ovarian tissue and to determine if surviving follicles undergo activation and further development after longer grafting periods.
